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(i) 




PRiFACE 


The object of this paper is to present the derivation of some 
transistor equivalent circuits and to show how the constants of one 
of these circuits may he evaluated* The laboratory work and a large 
part of the research to writing this thesis was done at the labora«> 
tories of the Advanced Development Group* RCATictor Division* 
Camden* New Jersey* during the 1949 winter term. The writer wishes 
to express his thanks to those officials of RCA Yictor Division and 
more particularly to Sir. Harold Enapp* Sir. S. W. Cochran* Sir. Tom 
Eaton and to Mr. E. Ebeihaird who made it possible for him to work 
with this group. He desires to eatress his sincere appreciation to 
Sir. Eberhard for his kind assistance end technical advice. 
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CHAPTER I 


INTRODirCTIOIT 

The tremsistor Is a three-electrode semiconductor amplifier that 
is a practical result of fundamental research on s^iconductors 
(Bardeen,2) • Even though this device may be used as an oscillator 
and for other purposes for which vacuum tubes are ordinarily used, 
it should not be thou^t of solely as a replacement for vacuum tubes 
but rather as a new element in electronics. The transistor is not 
available at the present time for commercial usage but since the 
announcement (7) of the transistor, considerable investigation and 
development work has been done by various interested companies. 

These companies are now making transistors for experimental purposes 
and it seems that it will only be a matter of time before they are 
used conzaercially, 

1, Summary 

This paper will first present a general discussion on transistors 
idiich will deal briefly with the physical and electrical properties of 
the transistor. This will be followed by a short discussion of 
semiconductor and transistor theory. The derivation and discussion 
of two equivalent circuits are given next, followed by a presentation 
of two methods of obtaining the equivalent circuit constants, A 
comparison of constants obtained by these two methods and a comparison 
of transistor constants of various units conclude the paper, 

2, General discussion of transistors. 

In brief the transistor (type A - another type will be mentioned 
later) consists of a small block of high back voltage geimanium 



« 

crystal and three electrodes as shown in Pig# 1. The emitter and the 
collector electrodes are of the point-contact rectifier type and are 
placed close together with a separation of approximately #005 to 
#025 cm on the upper su3rface* A large area contact at the lower 
surface of the hloeh of germanium forms the third electrode and is 
known as the base electrode. Another more recent type of transistor 
(Kock,5) is shown in Pig, 2, This transistor is known as the coaxial 
type and has, as shown, one contact point on each side of the germa¬ 
nium crystal wafer. The circumference is the base electrode. 

The construction of the transistor is simple since it requires 
no vacuum and has a minimum of parts. There is no filament, conse¬ 
quently there are no problems of filament power supply, of filament 
heat dissipation, or of warm up time. Transistors are smaller than 
subminature tubes (see sketches in Pig, 3 of transistors and subminature 
tube at actual size) and with improved techniques may be made much 
stronger. 

Among the disadvantages of the present transistor the most serious 
seems to be the variation of performance from one transistor to 
another and the seemingly inherent noise. The characteristics of 
transistors are not reproducible to within the same limits as are 
vacuum tuba characteristics. The variations are not, however, so 
large eis to make interchange of transistors (not obviously defective) 
in some circuit applications impractical. There is also evidence that 
transistor characteristics do change a little with time even though 
they may not be in use, Msasuraments made by the writer of voltage 
gain over a period of several weeks on one transistor are diown 
plotted in Pig, 4, The dates on which measurements were made are 
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indicated to tte right of each curve. The Westeni Electric transistor, 
Number A11S118. was not used between the times these measurements were 
tahen. It has been suggested that the change may be due to some 
chemical action that takes place at the point contacts. The proper 
metal and/or type impregnate may, then, help to make the transistor 
more stable with respect to time. 

Noise measurements have been made to show that the major part 
of the noise is at the collector. A plot of noise squared versus log 
of frequency results in a straight line idaich is similar to the results 
obtained vdien contact noise is measured. It is felt that soma of the 
noise may be eliminated by better contact materials and improved 
methods of construction. Ifeasurements of noise have shown that collec¬ 
tor noise squared is about forty db above emitter noise squared. Thus, 
the noise of the emitter is of little consequence. 

The frequency limit of the transistor is at present about 10 
megacycles. This limitatica is associated with transit time rather 
than electrode capacities. The influence of the emitter travels to 
the collector in different paths each of which has a different transit 
time. Therefor there is a drop in aaq?litude with an increase in 
frequency rather than simply a phase shift* 

3, Brief theory of semiconductors and transistors. 

Investigation of semiconductors began at least twenty five years 
ago when their property of unilateral conductivity was used to make 
rectifiers. During the war the use of these substances as detectors 
in microwave equipment led to the gathering of a great deal of emperi- 
cal information on semiconductors {Torrey,8), This information includes 
two things in particular, First, that the resistivities of semiconduc- 



tors are determined chiefly hy impurities and second, that these 
resistivities can be varied over a wide range by applying various 
external Influences such as temperature In the case of thermistors. 

The mechanism of conduction can be understood using the detail¬ 
ed concept of the const3ruction of matter as developed by modem 
physiostt In metals there are many free electrons that can be xised 
to Carry current. By free electrons is meant electrons so loosely 
associated with their atoms that they can be easily induced to move 
to neighboring atoms. In metals there is approximately one free 
electron for every atom. In insulators there are practically no free 
electrons. In semiconductors there is only about one current carry¬ 
ing (free) electron for every million atoms. The number of current 
carrying electrons can be greatly varied by changing the physical 
environment of the material. This change in the number of current 
carrying electrons affectively varies the resistivity of the material. 

There are two distinct mechanisms operating separately or 
simultaneously vhich make conduction in semiconductors possible. In 
the N type sffinlconductor the electrons as usual move under the influ¬ 
ence of applied voltages and thus provide current flow, TOiis is 
similar to the manner in which free electrons in metals carry current. 
In the F type semiconductor conduction appears to take place as if 
the carriers were positive charges. These virtual positive charges 
are actiially empty places, ’’holes", frcmi which electrons have been 
removed. The two types of conduction in the semiconductor material 
are identified with lattice imperfections and more commonly with im¬ 
purities, In the case of the N type (negative type) semiconductor 
the few electron carriers may be assumed to be due to an impurity 
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having a valence one greater than the oryetal material. Thus in a 
semiconductor such as the silicon crystal the in^urity may he 
phosphorus* Since silicon has four valence electrons and phosphorus 
five the excess valence electron possessed hy the occasional phospho- 
rus atom is not required for the tetrahedral binding to adjacent 
silicon atoms in the crystal and hence is free for current carrying. 
Because it donates electrons for current carrying purposes, phospho¬ 
rus may be thought of as a donor Impurity, In the case of the P type 
(positive type) semiconductor, boron with a valence of three may be 
the Impurity in a silicon crystal. There is one incomplete bond 
between each boron atom and its neighboring silicon atom leaving a 
"hole" in the structure. These holes may be considered virtual 
positive charges and the boron may be thought of as an "acceptor" 
impurity since it accepts electrons into bonds. Due to the fact that 
the percentage of boron impurity is very low the ratio of holes to 
silicon atoms is very small. Under the influence of an external 
electric field the hole in the bond between one silicon atom and a 
boron atom can be filled with an electron from an adjacent silicon 
atom. But in so doing the electron leaves a hole which may in turn 
be filled by another electron. This hole is thus free to be passed 
from atom to atom and acts as a positive agent for carrying current. 
Even though the electrons actually do the moving it is the presence 
of the holes that makes such movement possible. The electrons move 
toward a positive region and consequently the holes move toward a 
negative region, P type conduction may therefor bo thought of as 
conduction by holes. 

The concentrated basic research program that led to the dis- 
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0076X7 of the transistor began at the Bell Telephone Laboratories soon 
after ?forld War II, The group investigating semiconductors was led by 
William Shockley, one of the countrys* leading solid state physicists, 
During the investigation an experiment was performed that brought to 
light a discrepancy in the existing theory of semiconductors. As 
mentioned before it was known by empirical information that the resis¬ 
tivity of semiconductors couldl be varied by applying various external 
influences. In the experiment an external electric field was applied 
to a sheet of germanium and the resistivity measured as the field was 
changed. The results were not consistent with the prevailing theory 
so a theory of surface states was devised (Brattain,4) that would 
account for the measured change as well as for older known effects 
unexplained by previous theories. 

This new theory had to be refined when various other experiments 
were performed* It was while John Bardeen and W, H, Brattain were 
following up the consequences of this refined theory of surface states 
that they invented the transistor. With it they discovered a siirface 
layer having peculiar characteristics. 

The proposed theory explaining these peculiar characteristics and 
the amplifying properties of the transistor concerns a thin layer on 
the surface of the semiconductor crystal of germaniiun. The main bulk 
of the semiconductor is of the N type but the thin layer on the surface 
behaves as if it were of the P type or hole conducting type* This hole 
conducting layer may be caused by an excess of lng)urities near the 
surface or from a space charge barrier layer. The rectifying region 
irtiich was formerly thought to be at the surface now seems to exist at 
the P to N boundary. 



Wien D.C» bias potentials are applied to the electrodes of the 
transistor there is a mutual influence mhich makes it possible to use 
the device to amplify A,C, signals* There is a current of a few 
milliamperes in the emitter due to a small forward (positive) bias. 

A reverse (negative) bias is applied to the collector large enou^ to 
make the collector current of the same order or greater than the 
emitter current. The polarity of the collector is such as to attract 
the holes which flow from the emitter so that a large part of the 
emitter current flows to and enters the collector. While the collector 
has a high impedance for flow of electrons into the semiconductor, it 
offers little Impedance to flow of holes into the point from the semi¬ 
conductor* If the emitter current is varied by a signal voltage, there 
will be a corresponding variation of current flow in the collector. 
Without emitter bias a small amount of current flows in the collector 
circuit* The effect of hole conduction from the emitter to the collector 
may alter the normal current flow from the base to the collector in such 
a way that the change in collector current is larger than the change in 
emitter current* Due to biasing polarities the input impedance is 
small and the output isqpedance large. The high output impedance may be 
matched to a high inqpedance load. Since the currents are of the same 
order a large ratio of output to input voltage is thus obtained. A 
corresponding power amplification of the input signal is obtained* 



CEAPTER IT 


EQ!tJI7ALEWr CIRCUITS 
!• Large signal operation. 

The eucceseful application of transistors to new circuits depends 
upon a means of predicting to a reasonable approximation the behavior 
of the transistor. This chapter will first show how the prediction of 
large signal action may be obtained from the transistor's characteristic 
curves and then how equivalent circuits may be derived for use wi-Qx 
small AC signals, 

?or large signals the operation of a transistor may be obtained 
(Beelcer)3) from its DC characteristics such as are shown in Pig, 5 and 
?ig, 6, Load lines on these curves are dravm for an emitter impedance 
of 500 Ohms and for a collector load of 20,000 ohms. The electromotive 
force in the collector circuit is 60 volts and in the emitter circuit 
the electromotive force is 0,75 volts. The operating point is found on 
the collector characteristic curves by transferring the emitter load 
line to the collector curves. The intersection of the two load lines 
then beccmies the operating point. An increase in the electromotive 
force - an increase in the signal > of the emitter circuit causes a 
change in the position of the emitter load line. The new position will 
be parallel to and above the original load line^ A decrease in electro¬ 
motive force - decrease in signal - results in a load line lying 
parallel to and below the origional load line. These new load lines 
replotted on the collector characteristics result in load lines lying 
above and below, respectively, the original replotted emitter load line. 
In Fig, 6 the load lino resulting from an emitter electromotive force 
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of 0,75 volts is labeled (1), A decrease In emitter electromotive 
force, A Eg , results in the load line labeled (2), The replots of 
these two load lines on the collector characteristics (Fig, 5) are 
shown by broken lines and labeled appropriately. Projections from 
the load line intersections to the collector voltage axis shows the 
change in collector load voltage, A E^, Thus large signal perform¬ 
ance can be deduced in a way analogous to that used for vacuum tubes. 
The laborious procedures necessary for prediction of large signal 
operation is not necessary for small signals. For amall signals an 
equivalent circuit with constants depending upon the biasing conditions 
may be easily used, 

2, Small AC signal equivalent circuit derived from DO equivalent 

ClTCUit, 

The derivation of a small signal A.C, equivalent circuit from a 
D,C. equivalent circuit is done (Webster, 9) in the following manner. 

In a crystal rectifier the forward current is an exponential 
function of some potential difference, E, Since the contact points 
of a transistor taken Individually may act as a crystal rectifier it 
is possible to write the relationship between the current of the 
emitter (which is biased positively so that current flows in the 
forward direction) and the potential difference, E, The potentieJ. 
difference E may be expected to be the applied voltage, E^, less the 
potential drop due to currents flowing in the bulk of the crystal. 

Fig, 7 is a representation of the transistor in ifdilch the bulk resist¬ 
ance is shown to be a T section of resistors. Referring to Fig, 7, 
if E is assigned to be the potential difference appearing across the 
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contaot resistance at the emitter, it is given by the equation 

E sEe ♦ Bu (1^ * I^) - Rg Ig (l) 

The relationship between Ig and E as suggested above is 

le = -1) <2) 

where k and c*. are constants. Using equations (1) and (2), 
may be calculated aa a ftmction of E^ and E^ if first it is assumed 
that R|, and B^ are constants and values for are obtained as a 
function of Eq and Eq from experimental data. 

The relationship between and the applied voltages Eq and Eq 
may be obtained by an analysis of the observed variation of 1^, with 
respect to Eq and E(j as given by the static characteristics. If Ec 
is the applied voltage between the collector and the base, and if 
the contact resistance (refer to Fig. 7) plus the adjacent unlabeled 
resistance is represented by a-b E the collector current is givai by 
the equation 

I . ^c » % le (3) 

® " R|j 4- a-b E 

This equation, it has been found, is adequate to express the variation 
of Iq with the applied voltages, 

A D.C, equivalent circuit derived from the reasoning above is shown 
in Fig. 8. The ideal crystal rectifier with an exponential character¬ 
istic in the forward direction represents the emitter contact resistance. 
Equations (1), (2) and (3) describe the relationships between the currents 
and applied voltages. The constants a, b, k, cx., and R^ depend on 
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the physical dimension and material of the semiconductor as well as 
size and location of contacts and other factors. 


7ig. 9 shows a comparison of calculated and measured values of 
current vs. applied voltage. The curves are drawn from measured 
values while the points are obtained from calculations. The values 
of the constants for these calculations are typical and are as 
follows: 


a s 100 X 10^ ohms 
b s 250 X 10® ohms/volt 
k - 2 X 10"® amperes 
ot; 14,4 1/volts 
Rb = 70 ohms 
Re = 30 ohms 

An equivalent circuit for small AC signals may be derived from 
the DC equivalent circuit by taking the total derivatives of equations 
(1), (2) and (3), The total derivatives are respectively: 

dE = dEg f Rbdlc - (R^j f Re) dig (4) 

die = kot eP^^dE 

dEc Ht,dle = (Rb a-bE)dIc - bl^dE (6) 

Defining 


sO 

1*5 


«e= ie 
^Ic = ic 
dE = ei 

dEe = eg 
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dEc = -Sg 


equation (4) becomes 


®1 = ®e ^ ®b ic * ^®b ♦ 

= 9a «• ic - - ®e ^e 


eqTiatlon (5) becomes 


i - k« e“‘-“’e2^ 


r Ie®l 


or ejL 


(since Iq r kCe*^"-!) 


and equation (6) becomes 


-e^ ¥tlf,9^ ~ •n^ie ^ (R^, ♦ a-bE) i ^ 


An equivalent AC circuit for small signals at low frequencies 
(no reactive elements included since derived from the DC character¬ 
istics) is shown in Fig. 10. This equivalent circuit satisfies 
equation (7), (8) and (9) providing; 


- 1 «. R* 


_ a-bE 


Z' = 




where Iq, i^, g aj,Q j)q y^iues of current and voltage as described 


above. The effects of a small phase displacement have been observed 
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at frequencies as low as five kilocycles so a phase angle should perhaps 
he associated with the dimensionless parameter /U • 

3* Impedance and gain relationships for various Inputs. 

i^lifier circuits using transistora and en^loying various input 
and output connections have heen devised. Using the AC small signal 
equival^t circuit shonn in Fig. 10 expressions for input impedance, 
output in^edance and gain may he obtained. These expressions will he 
given for three amplifier circuits, the conventional emitter input 
collector output circuit, the base input collector output and the base 
input emitter output circuit. To sis^lify the algebra, approximations 
valid over the operating range are made as follows: 


1*0 ^ ^ = ^c 
**c ! ^e = ’^c 

t 1 

The emitter input collector output amplifier circuit is described 
in reference (1) and shown in Fig. 11. The expressions for input and 
output impedance and power gain have been derived from the equivalent 
circuit. Fig. 10, using the given approximations and are as follows: 


Input impedance s r f r^jd - ) 

% ** 

Output inq>edance - r^ 1 1- /^^e^b _ j 

L ^c^^i ^ ^e ♦ ^bU 

Maximum available power gain - 


^clr^ ^ (3^ T 13)2 


vdiere 




f 


-/"^e^b 
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For matched conditiwis the available power gain is defined as 


4 




( i|^ is the current flowing in the load Near 


match, Rp is of the order of r^, and Rj , the emitter circuit 
impedance,approaches r^* 

The teim ;B in the expression for power gain is generally less than 
unity but always positive in the region under consideration. Power 
gains up to SO db have been obtained using this type circuit. The 
stability of an emitter amplifier is usually quite good. 

As transistors are now made,a typical unit might have the following 
values; 


Input impedance - 700 ohms 
Output impedance - 30,000 ohms 
Power gain - 16 db 


With typical vacuum tube values of input and output impedances 
in mind, the above values for the transistor might seem discouraging 
since a matching device would be required for the most apparent 
applications. 

By using a base input. Fig* 12, this disadvantage is greatly 
minimized. Using this base input collector output circuit the follow¬ 
ing equations may be derived: 

toput impedance - r^ t> _ 

1 - ^^9 


Output impedance = r I 1 - 

/ R^ «■ 

•)1 

L 

\ Hi 4 Tq 

}\ 


■SO. 



Maximum available power gain 


where as before c 1 - ^b 

I ^c^^e »• ^b> 

and 3 I - y ^ ” ^^9 _ 

c 

It is to be noted that is less than ]B since ^b _____ 

^e ♦'^b 

1 2 

is less than xmity* Bren though jB is positive O'**) may be equal to 
or less than zero. 

Some interesting observations may be made if (for the base input 
olreult) input impedance is plotted against emitter bias voltage. 

Such a plot is shown in Big, 13, It is noted that there are values 
of emitter bias for irtiich the input impedance is very high - an attractive 
condition idien the device is to be used as an amplifier. The negative 
resistance region appearing at low bias voltages suggests the possibil¬ 
ities of using the transistor as an oscillator. In oscillator circuits 
this negative resistance appearing between the base and grotind is used 
to supply the losses of a resonant circuit. 

Impedance and gain values for the base input collector output 
amplifier are as follows: 

Input Impedance r 5,000 ohms 
Output impedance r 10,000 ohms 
Power gain - 23 db 

The above values represent conditions in a stable region. Somewhat 
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hl^er Yaluss of input impedance may be obtained but emitter bias would 
then be eueb as to place operation near an unstable (oscillatory) region. 

Fig. 14 is an illustration of tbe base input emitter output circuit. 
The impedance and gain relationships are as follows: 

_ . . - (fc+Ru)*c 

Input impedance * rj, + -/^ 


Output impedance ^ (Rj lb)(+ Tc 

Ri fc 


Maximum available power gain 5 


Tc 


Near match, R] will be of the order of and Rj, of the order of r^. 
Practical values are; 


Input impedance 

Output impedance 

Maximum available power gain 


20,000 ohms 
500 ohms 
16 db 


This circuit may best be used as a matching device between emitter 
input collector output or base input collector output stages. As such 
it will furnish power gain but the limited amount of output power is 
the major disadvantage. Operation is best in the region where t^-jurQ 
is of the order of r^. 

A comparison of the three types of circuits is given in Table I. 

4, Another small signal AC equivalent circuit 

Another means of obtaining a small signal equivalent circuit for 
the transistor (Becker, 3; Ryder, 6 ) is considered next. First it 
should be noted that in reference (3) the subscripts 1 and 2 are used 
to denote emitter and collector circuits respectively. In this dis¬ 
cussion the subscripts e and c will be used as before. Referring to 
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Figs. 5 and 6 and taking currents as independent irariables one may 
write 

Ee-^de.Ic) 

and Ec ~ ^e»^c) 

Next a D.O. operating point is selected and about this point and 
are eiqpanded in a Taylor series. Retaining only first order terms the 
following equations are obtained: 

AEe-|£AIe + £AI. 

md AEc = ff'AIe + 

Since the partial derlYatives hove the dimensions of impedances it is 
possible to write 

, the input impedance for 
AC open-circuited output 

, the backward transfer im¬ 
pedance for AC open-circuited 
input 

, the forward transfer im¬ 
pedance for AC open-ciroulted 
output 

, the output impedance for AC 
open circuited input 

These terms may be interpreted as the slopes of appropriate curves of the 
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DC static characteristics. For instance, is the slope of the Eg 
▼s curve for any given value of the parameter Ig and R 2^2 is the 
slops of the Eg vs Ig curve for any given value of the parameter Ig. 

From linear network theory a nxmiher of equivalent circuits con¬ 
taining resistances and internal generators are possible. One such 
circuit is shown in Fig. 15, This circuit is particularly useful in 
that it penBits simple analysis of circuits in which transistors are 
used. The resistances Tg, and identify themselves by their 

subscripts as being associated with the emitter, collector and base 
contacts respectively. The resistance r is the mutual transfer 
resistance. The product A Ig is represented as an internal 

generator and forms the active element of the network. The Bell Lab¬ 
oratories convention for positive currents and voltages is as shown by 
the arrows in this figure. The changes in current A Ig and A Ig 
may be replaced by alternating currents ie and provided the peak 
to peak values are small compared with the bias currents Ig and Ig. 

The relation between the input, output and transfer impedances and 
the equivalent network resistances may be given by the following 
equations: 


St 1 s He + rt 
%2 = ^6 
R21 = *”6 

®22 fc + •'b 

Ccmparing the r^ll signal equivalent circuit developed by RCA 
(Fig, 10) and the Bell Laboratories equivalent circuit (Fig. 15) It Is 
seen that the two are very similar even though they were developed in 
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a different manner. 

5. Impedance and gain relationsliips for second equivalent circuit 
Helations for input and output impedances and gain may easily be 
derived from the Bell Laboratories equivalent circuit. Using Fig. 15, 
for emitter input: 


Tolt. 8 .g.in,a 

Solving for Ale substituting 

^_(rfatOn) 


rgrb + r^fc + rgRi. f rtfe 4 
Usually ftn and 0: > > Tj, and rg 

Hence G = =r~, -- 

•cCfb+fel 

For Ri,>> [rc(rb+re)-arm] 

G - —■ 

" Tb+re 

T) ilp 
Input impedance, r(in - ~r t" 

a Iq 

Obtaining Alg and substituting 


F?L(rb+re) + rc(rb4 rg) - n,( - r^J 

(rb+ Pc + Hl ) 

_ re4r^ _ 

rt irnx + r„) _ 

RJrb +re) + Pc (rb+fe) - rb(rm> r«; 


Since usually and Pc >> 



_ r^^-re _ 

j ^_ Hm Pb _ 

RtlPb+fe) Pc(Pb+P©) “PfaPu* 
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or In simpler form 



T«dien Bj, approaches Infinity 
®in approaches r|, +• fe 
and when B^ r o 

T? - »“«.-«• re 

” 1+ ■ , rm r h _ 

rc(rb+re)-rbr« 


Output imped^ce, Bq, Is found by using the equivalent 
circuit arrangement shown in Fig* 16. 

Letting rQ+- Bj - fa 


e* _ (tg^-n»)(rbt ^c)-*b(^b^^r|t^) 
ic “ (^Tot rj 


- Tj, f r<. - 


fmi 

Ta + fb 


substituting for 


rb+ To - 


- n >? _ 
Ri <• n. 


■ -DiIri—. 

re+ Ri + Tfc 


As Bi approaches infinity 
®0 approaches Tc + 


The typical base input circuit is shown in Fig. 17, The relationship 
for input impedance, Bj^j^, is derived by using the circuit shown in Fig, 18, 
The resistance is equal to e e T'a is an externally 

added resistor in series with fa. 
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S —" = t’b^-reKrefrc-rm 

Tg^rc-rm+Ru 


■■ Titi) 




‘in 


I- 


rVn-tj. 


Rl,+ Ce 

For tlie condition 


rtn-rB «c 


Rin r CO 


and for the condition 
(rm-Te} >(Ri+rc) 


Rj[Q is negative. When this negative is greater in absolute 
value than the resistance from base to grovmd the conditions for 
oscillation are met* 

!Ehe special condition of infinite input impedance simplifies 
the circuit equations considerably. For this condition the 
following voltage gain relationship 

Q . Rt-iz __ RLCrg-rtn) _ 

Qi ■ re)[-(r„ -Pe) + Pc)] - ff (-Pn,) 

becomes, upon imposing these conditions 

G - ~ 

Power gain (including loss in Rg ) becomes 

-BtBi 

There are, of course, other equivalent circuits that may bo used 
to describe the performance of the transistor. Fig. 19 shows one such 
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equivalent circuit. In tbis circuit there are two generators, 
and K'^AIq and two resistances, r^ and r^. The constants K and 
have the dimensions of resistance and represent transfer Impedances, 
K is usually considerably smaller than K*, 
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CHAPTER III 


COKSTANTS OF AH EaTOVALEHT CIRCUIT 

1* Solution by using AC measurements* 

The Talues of the elements which make up the equivalent circuits 
vary considerably from tinit to unit. Also with one particular unit 
these values change as the biasing currents change. Figs. 20 to 23 
inclusive show graphs made by the writer of equivalent circuit 
resistances vs collector current. The reason for using collector 
current as the independent variable will be discussed later. The 
unit used was a type A Western Electric transistor (nmaber AM2194) • 

The resistances shown are for the Bell laboratories equivalent circuit 
shown in Fig. 15. 

Collector curr«at is limited by the maximum collector power 
dissipation recommended by the manufacturer. In the early type A Westem 
Electric transistors this recommended maximum is 200 milliwatts. With 
each transistor the manufacturer also furnishes data at an operating 
point selected by trial in the test circuit (Fig. 24) in order to give 
optimum insertion power gain for reasonable values of DC cwrents and 
bias voltages. For example, for transistor number AM 2194 the recommend¬ 
ed operating conditions are given by the manufacturer as follows: 


Designation 

Type 

^e 

Ic 



Insertion 

Number 


(ma) 

(ma) 

(ohms) 

(volts) 

(join (db) 

AH 2194 

A 

.46 

2.0 

20,000 

8.5 

29.3 


The constants contained in the Bell laboratories equivalent circuit 
may be solved for by two methods. One method calls for taking AC measure 
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me&ts usiiig a low frequency small amplitude signal* The constants 
shown in Figs* 20 to 23 inelusiTe were obtained by this method* For 
the other method the DC static characteristics for the transistor are 
used* 

The first method calls for measuring yalues of voltage gain and 
input and output impedances under special conditions* Input impedance 
Rji, is measured for the condition of Rj^ approaching infinity. To 
obtain a suitable range of collector current values (the'independent 
variable in this discussion) under conditions of high load resistances, 
requires excessive collector bias voltages* It was found that for these 
measurements the load resistor may be considered infinite ithen it is of 
the order of 200 Bllohms* Input impedances are measured by using the 
circuit shown in Fig* 25(a), AC voltages are represented by lower ease 
letters and DC currents by capital letters* The input voltage, * 
is kept small (*006 volts rms being a typical value) and the frequency 
low (S k,c.), R],f is obtained by using the algebra shown in connection 
with Fig, 25(b), Best measuraments are obtained when the value of R is 
about the same as Rin (usually 400 to 800 ohms). The voltage gain used 
in the solution of the equivalent circuit constants is measured with this 
same circuit* It is, of course, merely the ratio of e^ to e^. 

The output impedance is measured in much the same manner. The 
circuit for this measurement is shown in Fig* 26(a)* Here the signal 
voltage, eg, may be higher - a typical value being 0,1 volts rms , 

In seme cases it was found that signal voltages somewhat lower than 
0*1 volts could not successfTilly bo used because of the noise limit¬ 
ations* The value of R should be about 20 to 40 Rllohms and the value 
of Ri was found to simulate an open circuit when it was of the order 
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of 10 kllohms. The output impedance, is obtained as shown in 7ig» 
26{b). 

The value of may be derived from DC characteristics measured 
by the circuit shown in Fig* 27* It can readily be seen that if 
is held constant and Iq allowed to change by A Iq that will 
decrease an amount A Eg equal to the voltage drop A I^r^j, r^j, then, 
is simply A Eg /a Ig. 

It has been previously shown that for conditions of infinite load 
Impedance the input impedance» 

Sin = re + Tb 

Since 1”^ and Biq are now known, pg may be obtained. 

Also for 

It has been shown that voltage gaiUf 

G - r»n. 

"Tb^-re 

or, rm=G(rb+re) 

which beccmes, when approaches infinity, 
fm “ ^ Rin 

The values of voltage gain and input impedance are thus used to obtain r • 

BL 

When Hi approaches infinity, the relationship 
Ro = rc + fb 

may be used to find Fq* Since for most operating conditions the values 


-40- 




F/Q,^6C/raj/f i/sec/ fo /7?eoSijrc oa/pa/ //?p6 










rg may ba said to be 


of r are foiind to be muchi lees than Tg, 
equal to the output impedance, 

2. Solution by using static curves. 

In the second method for finding the values of the resistances in 
the Bell Laboratories equivalent circuit the DC static cuirves are used. 
These.curves are used to obtain the slopes or the partial derivatives 
of voltages with respect to currents. The equations used for these 
calculations are easily deduced frcm the open-circuit input, the output 
and the transfer impedances. They are as follows: 


Th = 
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die 
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= - r. 


aie 
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— Th 


, Ig constant 
, Ig constant 
, Ig constant 


Figs. 28 and 29 show static characteristics from which the open- 
circuited transfer Impedances may be obtained. The open-circuited out¬ 
put and input impedances are obtained from Figs. 5 and 6 respectively. 
Using these four sets of static characteristics at the operating point 
Ig s 0.5 ma. and Ig z -8.0 ma the following values are obtained: 


Input impedance for open-circuited output (from Fig.6) s 705 

Output impedance for open-circuited input (from Fig,6) - 25,000 

Backward transfer impedance for open-circuited input (from Fig.28)- 275 

Forward transfer Impedance for open-circuited output (from Fig,29)^ 65,000 


Using these values the equivalent circuit resistances become 



s 275 ohms 

Tq s (705) - (275) - 450 ohms 
Tg = 25,000 - 275 s 25,000 Ohms 
Tjj e 65,000 - 275 s 65,000 Ohms 

A comparison of methods used to measure transistor equivalent cir¬ 
cuit constants is given in Table II. The agreement is good, the differ¬ 
ences between the two methods is no larger than the error that may be 
Introduced in deteimlning the slopes. 

In the graphs of DC static characteristics (Figs. 5, 6, 28 and 29) 
and in Figs. 20 to 23 inclusive current has been chosen as the independent 
variable. This choice is made because (Becker, 3) it simplifies the 
physical interpretation of the action of the transistor. Also the volt¬ 
ages are single valued functions of the currents, and in certain regions 
of their characteristics, transistors sometimes become unstable when the 
external teiminale are short-circuited to alternating current, 

3. Yariation of constants from transistor to transistor 

As mentioned previously in this paper the constants for the transistor 
eq,uivalent circuit not only vary with biasing conditions but also vary from 
transistor to transistor. In order to obtain an idea of the degree of 
variance the equivalent circuit constants of several transistors were 
obtained for comparison. The same biasing conditions were not used for 
each transistor. Rather the operating point that gave best db gain was 
chosen for each transistor. The db gain was obtained by using the 
approximate formula, 

db gain s 

4 re 
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Where oi , the current gain, is equal to Cq 

Plots of ol and db gain vs X,. for the Western Electric transistor 
number AM. 2194 are shown in Figs. 30 and 31 respectively. These plots 
are typical of the majority of the transistors examined. 

Table III compares current gains of transistors made by various 
companies. Eight transistors from manufacturer A gave an average o<^ of 
2.1 as did two transistors from manufacturer B, The three transistors 
from mantifacturer C averaged a little less than one. The difference in 
current gain observed here is probably duo to the fact that the transistors 
from manufacturer C used in this comparison were not •’foimed”. 

Forming is a treatment, the effect of which is to reduce the reverse 
resistance of the collector and to increase the influence of the emitter 
current on the collector characteristics. One method of doing this is to 
pass a relatively large current through the collector point in the reverse 
direction. When transistors are not formed either of the two points may 
be used as the emitter. 

The average values of the equivalent circuit constants for transistors 
made by various manufactures are shown in Table 17, Maximum plus and 
minus deviations from the average values are given in percentages of the 
average values. These figures on deviation should not be interpreted as 
an indication of the degree of uniformity attained by the man\ifacturer. 
Table 17 does show that transistor characteristics do vary considerably 
frcmi transistor to transistor and emphasizes the need for more development 
work on manufacturing techniques for standardization. 

It is not exactly clear Just how the various equivalent circuit 
constants depend on the physical dimensions of the transistor and the 
characteristics of the geimanium cirystal but some general statements may 
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ba made* One of the most important parameters affecting the performance 
of the transistor is the spacing between point contacts. Measurements 
have been made (Bardeen, 1 ) to show that the emitter current has less 
and less influence on the collector as the separation of the contacts is 
increased. The value of r therefor decreases as spacing of the point 
contacts increase. This decrease of r was shown in the above reference 
to be approximately exponential for separations from 0.005 to 0.030 cm. 

The rate of decrease of r is also dependent on the bias currents used 
and on the germanium. The feed-back resistance r decreases with 
separation but the input and output impedances are but little Influenced 
by contact point separation. The constant back resistance 

of the collector and may, as mentioned previously, be decreased by methods 
of forming and to some extent by increasing contact area. 



CHAPTER IT 


CONCrDSIONS 

Tbe foregoing chapters have served to introduce the transistor, to 
present some of the equivalent circuits and to discuss the variations 
that exist in transistors. In reading these conclusions it should be 
kept in mind that progress in transistor development continues to be made 
and that the transistors used and described in this paper are sane of the 
first developmental type A transistors. 

As in vacuum tube applications an equivalent circuit is desirable in 
transistor work. That this is so may be readily realized when one uses 
the laborious process of predicting performance by load lines and static 
characteristic curves. 

When emitter input and collector output is used in a transistor 
amplifying circuit there is the disadvantage of low input impedance and 
high output impedance. This disadvantage may be overcome to a great extent 
by using base input and emitter or collector output. Some sacrifices are 
made in this arrangement but usually satisfactory compromises can be made. 

The develojmental transistors that are being made at the time of this 
writing vary considerably in characteristics and perfomance. 

In addition to the problem of reproducible characteristics there are 
other problems that require solution. A reduction in noise and an in¬ 
crease in the frequency limit are perhaps the most important of these 
problems. 

When the many advantages of the transistor are weighed against the 
disadvantages it must be conceeded that the transistor will surely find a 
very definite place in electronics. This conclusion must be reached when 
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one considers that the transistor is a new device and that the dis¬ 
advantages of noise and lack of uniformity will prohahly be eliminated 
in the near future. 
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